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1 Introduction

Zeolites are tecto-aluminosilicates which can be described by the
general formula M/, [(AlO,) (Si0,), |*~zH,0, where M can be a
metal cation or a proton. The Si/Al ratio in synthetic zeolites varies
considerably; limiting extremes being 1:1 (lower ratio for zeolite X)
to near infinity: | (in silicalites). This provides a means to modulate
the ionicity of the material, which increases with decreasing Si/Al
ratio. The framework of every zeolite is constructed from tetra-
hedral building blocks, TO,, where T is a tetrahedrally coordinated
atom (i.e. Si, Al), as depicted in Scheme 1. An isolated SiO, group
would carry a formal charge of — 4, but in a solid having an O/T
ratio of 2 (as found for all zeolites) the SiO, unit is neutral, because
each oxygen atom is part of a bridge between two T atoms.
However, the net formal charge of the AlO, units is — 1, so that the
zeolite framework is negatively charged.
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The net negative charge is balanced by M”+ cations, or by
protons in the acidic form of the zeolite. These ions are not a part of
the zeolite framework, and under the right conditions they can be
exchanged by other cations. Such an exchange has little effect on
crystal structure, which depends on the way in which the TO, units
arrange themselves; it does affect, however, other relevant proper-
ties of the zeolite such as acidity and internal electric fields.
Brensted acidity arises from bridging Si(OH)ALI groups in the proto-
nic form of zeolites. Extraframework (charge-balancing) cations act
at Lewis acid centres, in the broad sense, since they are electron
acceptors. A different (and more important) source of Lewis acidity
concerns structural defects and extraframework aggregates.

Charge-balancing cations are also the main source of intrazeolite
electric fields which have a strength of several V nm~!, the actual
value depending on cation charge and radius.

A characteristic feature of zeolites is their structural porosity. The
framework of all zeolites defines regular systems of intracrystalline
voids and channels of discrete size, usually in the nanometre range,
accessible through apertures of well-defined molecular dimensions.
This is a feature that differentiates zeolites from other microporous
materials, like amorphous carbon or silica gel (which have irregu-
lar pore systems), and which places them in the same class as other
molecular sieves. Zeolites containing rings consisting of 8, 10 and
12 oxygen atoms are denoted as small- medium- and large-pore
materials. The corresponding pore openings are about 0.4,0.55 and
0.73 nm in size, respectively. Recently, other zeotypes having extra-
large pores have been synthesized: among them are cloverite (a
gallophosphate molecular sieve), AIPO-8, VPI-5,and JDF-20, with
present pore openings up to 1.2— 1.4 nm in diameter.! —3 Zeotypes
are materials structurally related to zeolites, in which Si or Al atoms
have been replaced by other atoms, e.g. Ga for Al or P for Si. For a
detailed account see, e.g. ref. 4.

Their microporous framework structures, wide range of chemical
composition and surface acidity, and the possibility of tuning inter-
nal electric fields by appropriate choice of extraframework cations,
are key factors which render zeolites (and zeotypes) versatile
materials for an increasing number of technological applications.
Paramount among these is the use of zeolites as catalysts for the
petrochemical industry, pollution control and the synthesis of
speciality chemicals. They also serve as ion exchangers and mole-
cular sieves. A more recent perspective is the proposed use of zeo-
lites as host materials for host—guest composites. These are a kind
of advanced materials where zeolites (or zeotypes) act as hosts for
encapsulating and organizing molecules, crystalline nano-phases
and supramolecular entities inside their pores. Space confinement
and host—guest (electrostatic) interaction result in a type of com-
posite materials with novel properties.> Potential applications are
expected in a number of technological fields, such as photochem-
istry, optoelectronics, semiconducting devices and chemical
Sensors.
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Zeolite and zeotype cavities can be considered as nanoreactors
where adsorbed molecules are guided to react following specific
paths dictated by () the electrostatic forces acting mside the cav-
ities, (1) the distribution of sites on the internal surface, (12:) the
spatial restrictions imposed by the dimension and shape of the void
space, and (:v) limitations on diffusion paths imposed by the regular
orgamization of (intersecting) channels All of these points can be
summed up under the synthesizing concept of host—guest interac-
tions, so fruitfully used to understand many properties of supramol-
ecular and enzyme-substrate systems More specifically,
electrostatic fields operating inside cavities and channels can lead
to the formation of internal adducts characterized by a profound
deformation of the electron distribution of perturbed molecules
with simultaneous polarization, and appearance of new nucleo-
philic and electrophilic regions and ultimately of new chemical
properties In the case of proton-exchanged zeolites the internal
adducts can be more properly classified as hydrogen-bonded com-
plexes, which under suitable conditions can evolve towards proto-
nated species and itiate the chain of Brgnsted acid-catalysed
reactions that (together with shape selectivity) make acidic zeolites
so important 1n petrochemistry

Precise characterization of the solid 1s a prime requirement for
understanding intra-zeolite processes, and 1t should also assist n
designed synthesis of new materials To this end, crystallographic
methods are efficiently complemented with spectroscopic tech-
niques, mainly IR and MAS NMR spectroscopy, which have the
potential to furnish information about the nature of surfaces and of
adsorbed species Mid-IR spectroscopy (4000—400 cm~!) using
appropriate probe molecules 1s a powerful technique for studying the
internal surface of zeolites The method 1s indirect, 1n the sense that
1t depends on a suitable choice of spectroscopic probes which render
the zeolite cavities IR-readable Probe molecules most often used are
CO, N, and H,, although many others have been utilized The
observables are the changes 1n vibrational frequency and intensity,
and the induced vibrational modes of the probe molecule as a result
of interaction with the zeolite (internal) surface Induced changes of
skeletal and O—H vibrations can also be highly informative A
related aspect 1s the use of vibrational spectroscopy to follow chem-
ical processes taking place n the intra zeolite space (reaction
dynamics) Time-resolved (sub-second) FTIR spectroscopy has the
potential to detect intermediate species in a reaction chamn, for
example, n a study of the interaction of acetylenes with an H-ZSM
5 zeolite,” prior formation of an H-bonded complex and subsequent
transformation nto a protonated species, followed by polymeriza-
tion, could be analysed This subject, however, 1s beyond the scope
of the present review We shall focus on the use of diatomic probe
molecules for mid-IR studies of (1) OH groups and Brgnsted acidity,
(1) mternal electric fields, and (1) extraframework species Cation
location can also (1n some 1nstances) be discerned by both mid- and
far-IR spectroscopy, the latter subject was recently reviewed by
Baker et al 2 while Ward? has given a detailed account of early work
on mud-IR characterization of zeolites

2 General Background

2.1 Molecular Probes
The information which can be obtained from IR spectra using mol-
ecular probes concerns
(1) Surface hydroxy groups, both silanols and brigded Si(OH)AI
groups, which are the source of Brgnsted acidity Ideally, acid
strength should also be quantified
(1) Lewis acidity, which depends mainly on framework structural
defects and on extraframework species The latter are very small
metal oxide particles generated during thermal treatment of the
zeolite
(1) Other types of structural defects, such as hydroxy nests or
occluded material
(1v) The nature and location of extraframework cations
(v) Internal electric fields

Changes undergone by the molecular probe can also be informa-
tive of the nature of chemical processes expected to take place

CHEMICAL SOCIETY REVIEWS, 1996

within the ntra-zeolite space This aspect, however, cannot strictly
be considered as a part of zeolite characterization

Ideally, molecular probes for IR studies should satisfy the fol-
lowing requirements (z) small size, so that the probe has umimpeded
access to channels and cavities, (i) detectable spectroscopic
response triggered by interaction with the zeolite surface, this
response should discriminate between surface sites of different
nature and should allow quantitative determinations to be per-
formed, (i) extinction coefficients for characteristic vibrational
modes should be high, so as to lead to optimum detection sensitiv-
ity, (1v) the probe molecule should be responsive not only to the
surface site but also to 1ts close environment, this 1s particularly rel-
evant for detecting bifunctional surface sites, and (v) in order to
avoud alterations of the material under test, probe—surface interac-
tion should be weak, the foregoing considerations on spectroscopic
response notwithstanding

Many molecular probes have been used to characterize different
aspects of zeolite surfaces, among them H,, N,, CO, N,O, pyndine
and several hydrocarbons None of them, however, satisfies entirely
all of the above requirements Concurrent use of two (or more)
different probes can help to resolve specific problems CO, N, and
H, have kinetic diameters of 0 376, 0 364 and 0 289 nm, respec-
tively, so that they all satisfy the size requirement for acting as probe
molecules 1n most zeolites Interaction modes and consequent
spectroscopic response will now be briefly outlined

Carbon monoxide has a small dipole moment (. = 0 112 D)
which varies during vibration, thus rendering the C—O stretching
mode [R-active For the free molecule the fundamental T(C—Q)
value 1s 2143 cm !, which 1s expected to change little on physical
adsorption Interaction with an 1onic surface 1s expected to produce
a more significant negative shift of the CO stretching frequency for
adsorption vza carbon at an anion site or via oxygen at a cation site
Large positive shifts result from adsorption via oxygen to an anion
site or via carbon at a cation site '° The reason for the reversed sign
of the frequency shift 1s that the dipole moment derivative, du/dr,
changes sign when the orientation of the dipole axis with respect to
the external electric field 1s reversed Extensive experimental evi-
dence proves that CO nteracts via the carbon end with cations
ronic metal oxides and halides, leading to hypsochromic shifts in the
10—70 cm ! range, the actual value depending on cation size and
charge For d° cations having a net charge < 2+, interaction with
CO 1s dominated by electrostatic effects 1on—dipole (and quadru-
pole) interactions and CO polarization, and the frequency shift of
the C—O stretching mode arises mainly from the vibrational Stark
effectand from a ‘wall effect’ stemming from increased Pauli repul-
ston when the CO molecule vibrates aganst the solid surface !!
When cations having a net charge larger than 2+ or transition metal
1ons are involved, chemical effects due to o donation (from the CO
5o orbital) and d— back donation can lead to a more complex situa-
tion It should also be noted that inside zeolite cavities multiple
nteractions can develop, which must be carefully analysed

Both dinitrogen and dihydrogen, being homopolar molecules, are
IR-mactive when unperturbed However, 1n presence of an electric
field, E, an induced dipole moment, «E (where « 1s the polarizabil-
ity) develops which varies during vibration, thus rendering the
fundamental transition IR-active For dinitrogen, ab initio calcula
tions'2 13 (both 1n the SCF approximation and with electron correla-
tion) of the nteraction with alkali metal cations showed that the
optimum configuration corresponds to the linear arrangement
M+ .- N=N (where M+ stands for the metal 1on) This interaction
leads to a decreased N—N bond length and to a positive shift of the
v(N—N) stretching frequency with respect to the (Raman active)
gas-phase value of 2331 cm ! The intensity of the field-induced IR
absorption 1s proportional to the second power of the electric field,!
or more exactly to the square of the field component directed along
the molecular axis

Ab 1o calculations!? !5 for the interaction between dihydrogen
and alkali metal cations led to the geometry 1 depicted in Scheme
2, which results n lengthening of the H—H bond and a negative fre-
quency shift from the position of the Q branch vibration of free H,
However, when cation—anion (Lewis acid—base) pairs were consid
ered,'®!7 dihydrogen was found to interact simultaneously with
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both 1ons This 1s shown in Scheme 2 (2) for an adsorption site mod-
elled by the AI(OH); cluster with standard bond angles and bond
lengths In species 2 adsorbed dihydrogen becomes slightly polar-
1zed, which renders 1t IR-active with an H—H stretching frequency
lowered with respect to the gas-phase value of 4163 cm ! An
important feature 1s that the adsorbed molecule acts as a probe for
the surface acid—base paurs, rather than only for the cation site

2.2 Procedures

Mid-IR studies of zeolites are usually performed in the transmussion
mode, since transparency 1s generally good However, in the high-
frequency range scattering can sometimes be a serious problem,
particularly when dealing with materials which have been syn-
thesized as relatively large crystallites Diffuse reflectance measure-
ments can help to overcome this problem

Studies concerning probe molecules make use of zeolite self-sup-
porting wafers of 3—6 mg cm 2, made by compacting the pow-
dered material at a pressure of about 5000 kg cm 2 The lowest
possible pressure should be used, so that the crystal structure 1s not
distorted Use of self-supporting wafers facilitates thermal activa
tion of the zeolite sample prior to dosing with the appropriate gas
(probe) Activation aims at removal of adsorbed water (and other
atmospheric contaminants) and 1s usually performed by heating the
zeolite wafer in a dynamic vacuum for several hours at a tempera-
ture of about 650 K Higher temperatures are likely to cause severe
alteration of the zeolite, particularly dealumination, with attendant
formation of extraframework species and lattice defects IR cells are
currently 1n use which facilitate in situ thermal activation, dosing
with the probe gas and recording the IR spectrum at low tempera-
ture, usually at a nominal value of 77 K sample wafer cooled with
liquid nitrogen This last requirement 1s mandatory when dealing
with spectroscopic probe molecules which show only a very weak
interaction with the zeolite, among them H, and N,

3 Structural Hydroxy Groups in Proton-
exchanged Zeolites: Silanols and Brgnsted
Acid Sites

Two main types of OH groups are present in the protonic form of

zeolites silanols (3) and bridging hydroxy groups (4), they are

depicted 1n Scheme 3 1t should be noted that 1n species 4 S1—O and

Al—-O bond lengths are different d(S1—0) < d(Al-0)
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Silanols are mainly found at external surfaces, where they satu-
rate silicon dangling bonds associated with framework truncation
Nevertheless, silanols also occur at internal lattice defects, arising
mainly from partial dealumination In this case a local cluster of
silanols 1s formed, which has been termed a silanol nest Isolated

silanols on external surfaces are characterized by a sharp IR absorp-
tion band 1n the 3750 —3745 cm~! range When silanols occur at
internal sites, weak electrostatic perturbations cause a downward
shift (and broadening) of the IR stretching band, which then appears
at 3720—3700 cm~! Stronger, hydrogen-bonded interactions (e g
in hydroxy nests) result in very broad IR absorption bands in the
3650—3200 cm~' range '8

Bridging OH groups, which are the active sites mn acidic catalysis,
are found in two different wavenumber ranges 3650—3600
and 3580—3530 cm ! The high-frequency range corresponds to
OH groups vibrating in large cavities, formed by greater than eight-
membered rings, while in smaller voids the low-frequency range 1s
observed This can be typified by the faujasite-type zeolites (FAU)
which show O—H bands around 3650 and 3550 cm !, the actual
value depending on St/Al ratio The FAU-type structure 1s depicted
in Fig 1, there are four different oxygen atoms, O(1)—O(4)
Neutron diffraction studies!® have shown that preferred proton sites
are near O(1) and O(3) The proton at site | points into the super-
cage, while that at site 3 1s directed into the sodalite unit where 1t
interacts with nearby oxygen atoms Such an electrostatic inter-
action (related to the nverse of the square of the H—O distance)
causes a bathochromic shift with respect to the unperturbed OH
group at site 1 This explamns the two IR absorption bands
3650 cm~! for OH groups at site 1 and 3550 for those at site 3 In
agreement with this assignment, the high-frequency band 1s
strongly perturbed (downward shifted) by adsorbed N, or CO, while
the 3550 cm~' band remains unaffected, because the sodalite cage
1s not accessible to these gases It should also be noted that the O—H
stretching wavenumber cannot be directly correlated with acid
strength

When considering only wavenumbers corresponding to vibra-
tions of OH groups 1n cages (or channels) with dimensions exceed-
ing those of an eight-membered ring, a linear correlation was found
between U(O—H) and the average (Sanderson) electronegativity of
the zeolite framework With increasing Sanderson electronegativ-
ity, S, which corresponds to increasing Si/Al ratio, OH groups
vibrating 1n large cavities shift to lower wavenumbers following the
equation 5(O—H) = 4274—158 5765, as determined by Jacobs and
Mortier 20 Since this empirical relation holds for a large number of
zeolites, 1rrespective of structure type, it 1s inferred that small dif-
ferences in Si(OH)AI bond angles have little influence on the O—H
stretching frequency Because of the electrostatic effects already
mentioned, hydroxy groups 1n eight-membered (or smaller) rings
do not follow the above equation

A different example 1s furnished by mordenite (MOR) This 1s a
zeolite wich has a pseudo-unidimensional pore system (the main
channels) with an elliptical cross section, 0 65 X 0 70 nm 1n diam-
eter, defined by twelve-membered rings of TO, tetrahedra The
channel wall has side pockets circumscribed by eight-membered
rings which are accessible through windows with a free diameter of
039 nm Accessible cation (or proton) sites are located on the walls
of the main channels (sites B and C) and on the side pockets (site
A), as depicted in Fig 2

A detail of the bridging OH spectrum 1s shown in Fig 3 The cor-
responding IR absorption band has a maximum at 3609 cm !, and
1s highly asymmetric on the low-frequency side Computer
deconvolution showed two components centred at 3612 and 3585
cm~!, respectively They were assigned?! to acidic hydroxy groups
vibrating 1n the main channels (high-frequency component) and in
the side pockets (low-frequency component) Note the larger half-
width of the low-frequency component, which results from electro-
static perturbation of OH groups within side pockets

Relevant parts of the FTIR spectra?!« 22 of CO and N, adsorbed
at liquid nitrogen temperature on H MOR are shown in Fig 4 Only
the main points will be discussed here, details are contained 1n the
original references In the O—H stretching region, IR absorption
bands are observed at 3747 (silanols) and at 3609 cm ! (bridging
OH groups), they are both affected by CO and N, adsorption The
stlanol band 1s partially eroded by interaction with the probe mole-
cules, at the highest doses shown 1n the spectra Dinitrogen shufts
the 3747 cm ! band down to 3710cm ! (A7 = — 37 cm !), while
for carbon monoxide the corresponding shift amounts to
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Figure 1 (a) The faujasite type structure showing the 12 ring leading to the supercage, and the 6 nings which define apertures into the smaller sodalite cage
Extraframework cation sites (I—III) are depicted, as well as the four different (1 —4) anion sites () Detail showing the orientation of the bridging OH

groups at sites O(1) and O(3)

—87 cm ! Qualitatively, this was the expected behaviour, since
CO 1s a stronger Lewis base The IR absorption band correspond-
ing to acidic OH groups (centred at 3609 cm ') 1s more strongly
affected by the adsorbed gases A downward shift of =109 cm !1s
observed for interaction with N,, while for CO this shift 1s —294

cm~! Corresponding half-widths are 60 cm ! for N, and 175 cm~!
for CO, which should be compared with the half-width value of 40
cm ! for the unperturbed O—H stretching band at 3609 cm !

Downward shifts, increased band width and increased intensity are
precisely the effects predicted by the classical theory of hydrogen
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Figure 2 The mordenite structure (viewed along the main channels) showing cation sites and adsorbed CO molecules. Dots outline Connolly surfaces obtained
using a probe molecule having a radius of 0.14 nm. (Further details can be found in ref. 7).
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Figure 3 Computer deconvolution of the 3609 cm~*' O—H stretching band
in H-MOR: components at 3612 and 3585 cm~"'. The solid line is the
experimentally observed spectrum.

Reprinted with permission from ref. 21(a).

bonding, and the three magnitudes are directly correlated. The
observed frequency changes upon interaction of the zeolite OH
groups with the probe molecules are summarized in Scheme 4. A
further detail which deserves comment is that progressive erosion

of the 3609 cm ! band by both CO and N, is not uniform. The high-
frequency component (3612 cm~!, Fig. 3) is consumed faster than
the low-frequency counterpart. This is in agreement with the
expected higher difficulty for the probe molecules to gain access to
the side pockets, while OH groups in the zeolite main channels are
readily available.

The bathochromic shift, AT(OH), of the OH stretching band
upon interaction with probe molecules is often used as a quantita-
tive measurement of Brgnsted acidity.?* For carbon monoxide, an
empirical relationship was established by Paukshtis and
Yurchenko?* between proton affinity, PA, and the value of Av(OH)
referred to the corresponding value for isolated silanols having
adsorbed CO, Av(SiOH). This relationship is as in eqn. (1).

PA/KI mol~' = 1390 — 442 5log| AT(OH)Y/AT(SIOH)] (1)

The lower the PA value, the higher is the Brgnsted acidity of the
OH group. This equation, however, should be used with caution
when analysing the catalytic activity of zeolites in processes involv-
ing protonation of a reactant molecule. Proton transfer leads to
charged species which interact with the (charged) zeolite frame-
work, and the energy balance of the process can thus be significantly
affected. For analogous reasons, the above relationship between PA
and Av(OH) can lead to dubious results when it is used to compare
intrazeolite processes with those occurring in the gas phase or in
solution. It should also be noted that Brgnsted acidity can be strictly
defined only in terms of the reactant molecule, which acts as a
proton acceptor.

Besides frequency shifts, the intensity of the perturbed OH band,
or its half-width, can also be used to quantify interaction with probe
molecules. However, since the intensity increase is directly corre-
lated with the frequency shift, the shifted components of a complex
OH band have different specific absorbance. Hence, determination
of the relative amounts of the various hydroxy groups present in the
sample becomes possible?3¢-25 only when extinction coefficients
can be evaluated.

Fig. 4 also shows the C—O and N—N stretching regions of H-
MOR with increasing amouts of the adsorbed molecular probes.
For CO, three IR absorption bands are observed, at 2138,2172 and
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Figure 4 (a) O—H stretching region of H-MOR outgassed at 673 K (spectrum 1) and the effect of increasing doses of adsorbed CO (spectra 2—9): equilib-
rium pressure from 1072 to 20 Torr (1 Torr = 133.3 Pa). (b) Effect of adsorbed N, other details as above. (¢) C—O stretching region. (d) N—N stretching
region. All spectra were taken at liquid-nitrogen temperature. Those in parts (c) and (d) were background-subtracted.

Reprinted with permission from ref. 21(a) [parts (@) and (¢)] and ref. 22 |parts (b) and (d)].

2225 cm~! [Fig. 4(c)]. The 2138 cm~! band, which only becomes
prominent for comparatively high CO equilibrium pressures, was
assigned?!e to physisorbed (liquid-like) CO inside the zeolite
channels. Note its complex structure, which arises from hindered
rotation.2!26. The 2225 cm~' band monitors extraframework

species (Lewis acid sites), which will be considered in Section 5.
The 2172 cm~! band corresponds to the C—O stretching of carbon
monoxide interacting (via the carbon end) with the proton in bridg-
ing Si(OH)ALI groups. Note that, although the band is asymmetric
in the low-frequency side, the perturbation of the C—O stretching
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vibration 1s not sensitive enough to discriminate between the two
types of bridging OH groups main channels and side-pockets For
N,. the (complex) band corresponding to extraframework species
1s now found 1n the 2345—2360 cm ! range OH - N, species
give a complex N—N stretching spectrum with components at
2325, 2330 and 2333 cm~!, they correspond, respectively, to N,
molecules interacting with silanols, and with OH groups in side-
pockets (2330 cm~') and 1n the main channels (2333 cm ') The
observed frequency range spans the (Raman active) gas-phase
value of 2331 cm~! (Section 2 1) However, the Raman spectrum
(taken 1n our laboratory) of dinitrogen adsorbed, at 240 K, on sil-
icalite (a purely siliceous zeolite) gave a v(N—N) value of
2321(x 2) cm ! Taking this as the reference value, all the
observed N—N stretching maxima [Figure 4(d)] are upward
shifted, as expected Note that N, 1s a more sensitive probe than
CO for monitoring OH groups Two main factors contribute to this
improved performance (i) absence of a contribution from liquid-
like species (because unperturbed N, 1s IR-mactive), and (1)
weaker interaction with hydroxy groups,which results in enhanced
selectivity

4 Charge-balancing Cations and Electric Fields

Adsorbed probe molecules can be used for IR monitoring of charge-
balancing cations and their associated electric fields Alkali-
exchanged ZSM-5 zeolites provide a good example ZSM-5,
structure type MFI 1in IUPAC nomenclature, 1s a stlicon rich zeolite
which has a three dimensional pore system consisting of two inter-
secting sets of tubular channels (ca 055 nm n diameter) defined
by ten-membered rings of TO, tetrahedra, as shown in Fig 5 IR
spectra of CO adsorbed, at liquid nitrogen temperature, on M+

ZSM 5 (M = Na, K, Rb, Cs) are depicted in Fig 6 They all show
a main IR absorption band which, for low CO doses, was found to

peak at 2178,2166, 2162 and 2157 cm ! for Na* to Cs*, respec-
uvely This cation-specific band has been assigned?’ to the funda-
mental C—O stretching of carbon monoxide perturbed by the
corresponding metal 1on [F1g 5(b)] Observed wavenumbers are all
higher than the 2143 cm ! value for free CO, as expected for an
M+ -- CO interaction (Section 2 1) A linear dependence was found
between the C—O stretching frequency and the parameter
1/(Ry + Ri)?, where Ry, 1s the cation radius and R, = 0 21 nm
By using calculated values of 7(CO) for the molecule in the pres-
ence of an axial electric field,!! the field strength due to charge
balancing cations (and surrounding anions) has been
experimentally determined from the corresponding IR frequen-
cies 27« The values obtained vary from 6 3 V nm~! for Na-ZSM 5
down to 24 V nm ! for Cs-ZSM-5 Shightly smaller values were
observed for alkali-exchanged mordenites 2!« The whole set of
results 1s summarized in Fig 7 Although the actual values reported
here must be regarded as being only a first approximation, mamly
because of simplifications made 1n the direct use of the T7(CO) vs
electric field relationship.!! 272 1t should be clear that IR molecular
probes constitute a valuable means for experimental determination
of intrazeolite electric fields

A similar approach was taken by Cohen de Lara et a/ 428 and
by Bose and Forster?®” who determined the electric field in zeolites
Na-A, NaCa-A and Ca-A from the integrated IR intensities of
adsorbed dinitrogen and carbon monoxide Values in the 5-8 V
nm ! range were obtained, which are consistent with results from a
theoretical calculation of the electrostatic field assuming an 1onic
model for the zeolite 28 Although more refined values are desirable,
the order of magnitude of intrazeolite electric fields seems to be well
established, and also their dependence on charge-balancing cation
and zeolite structure

For d” cations more complex situations can arise as a result of
chemical interactions involving the cation d orbitals (or hybrids)
and o/ orbitals of the probe molecule Thus, when Cu*-ZSM-5
was probed with CO, an adduct stable at room temperature was
found2?¢ which showed a CO IR absorption band at 2157 cm !,
this 1s significantly lower than the corresponding value of 2178
cm ! for CO/Na-ZSM-5 Since the cation radu are 1n the order
r(Cu*) < r(Na™*), 1t 1s clear that electrostatic interactions alone
would not explain the observed spectroscopic results Dinitrogen
was also found??” < to form adducts with Cu* 1ons in Cu*-ZSM-5
and Cu*-MOR These adducts, which are stable at 298 K, showed
an N—N stretching frequency of 2295—2299 cm !, 1e down-
ward shifted with respect to free N, The whole set of results can
be rationalized 1n terms of chemical interaction involving molec-
ular orbitals (MO) of the probe molecule and suitable d, s, p
orbitals of the metal cation For CO, o-donation through the
weakly antibonding 5o MO raises 7(CO), while back-donation to
the antibonding 27 MO lowers 1t The net effect 1s a small hypso
chromic shift, as compared to free CO For dinitrogen, the corre-
sponding MOs are 3o, which acts as an electron donor, and the
empty 1, which 1s the electron acceptor ** In this case both the
o-donor and the m-acceptor interactions weaken the N=N bond,
thus explaining the observed bathochromic shift in the Cu* -+ N,
adduct

Appropriate IR probe molecules can be used to test not only
charge balancing cations, but also their local environment This was
shown 1n a comparative study'” of H, and CO adsorption for a series
of zeolites having increasing 1onicity,: e decreasing Si/Al ratio Na
ZSM-5,Na MOR, Na-Y, Na-X, and the sodium form of Linde 4A
Diffuse reflectance IR spectra of dihydrogen adsorbed at liquid
nitrogen temperature on these zeolites are shown 1n Fig 8, a com
plete assignment of these spectra can be found in the original article
Briefly, Na-ZSM 5 presents only a single IR absorption band (at
4110cm ') consistent with a single type of cation site For Na MOR
two absorption maxima are observed 4108 and 4125 cm !, as
expected for two different cation sites (Section 3) The faujasite-type
zeolites, X and Y, also show complex spectra, which were
explained'” *! in terms of the different cation sites (Fig 1) and their
relative population Finally, two IR absorption maxima are observed
for Na-A Structural data for this zeolite locate cations mainly near
the centre of the six membered rings forming the sodalite cages
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Figure 5 (a) The structure of ZSM-5 viewed along the straight channels. The Connolly surface (defined by blue dots), obtained with a probe molecule 0.28
nm in diameter, clearly shows the second set of (sinusoidal) channels. (b) Enlarged view down a straight channel, showing extraframework cations (Na™)

with adsorbed CO molecules.

(band at 4075 cm~!'), but other less populated positions are also
available, which are responsible for the shoulder at 4110 cm !. The
important fact to be noted is that, when the low-frequency bands are
considered, bathochromic shifts of the H—H stretching frequency
(from the 4163 cm~!' value of free H,) increase with increasing
ionicity of the zeolite framework (from Na-ZSM-5 to Na-A).

However, for adsorbed CO the corresponding hypsochromic shifts
were found to increase!” in the opposite sense: highest for Na-ZSM-
5 and lowest for Na-A. These results were rationalized in terms of
the interaction modes discussed in Section 2.1. Dihydrogen is polar-
ized by a cation and a neighbouring anion (Scheme 2), and the
bathochromic shift of the H—H stretching frequency measures the
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Figure 6 IR spectra of CO adsorbed at 77 K on M+ ZSM 5 (M = Na, K,
Rb,Cs) The shift of the peak maximum from Na* to Cs* 1s clearly seen
Note, however, that all spectra correspond to a CO equilibrium pressure
of 102 Pa For smaller CO doses all peaks shift to higher wavenumbers
Corresponding values are given in the text The shoulder marked with an
asterisk corresponds to a small fraction of Na* still present after 1on
exchange (Further details can be found in ref 27a)
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Figure 7 C—O stretching frequency, and corresponding electric field, versus
1/(Ry + Rep)* for alkali metal exchanged mordenites and ZSM 5 zeo
lites Ry = cation radius

combined Lewis acid-base strength of the 1on pair, while the electro-
static field sensed by the CO molecule 1s smaller when the negative
contribution from framework anion 1s maximized, : e 1n the zeolite
having highest 1onicity Note that the local structure comprising a
cation and a framework anion constitutes a dual acid-base site of the
Lewis type, which plays an important role in many (catalytic) chem-
ical processes mediated by zeolites Characterization of these dual
sites 1s another example of the potential of IR spectroscopy using
probe molecules

5 Extraframework Species and Lewis Acidity
During thermal dehydration, or steaming, the framework of zeolites
(and zeotypes) tends to break up partially, and extraframework
material 1s generated which remains entrapped in the zeolite chan-
nels The first stages of this process are represented in Scheme 5
Subsequent hydrolysis leads to detachment of T(OH), or TOOH
species (T = Al, Ga, Fe, etc ) with attendant formation of a silanol
nest
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Figure 8 Diffuse reflectance IR spectra of H, adsorbed at 77 K on (a) Na-
ZSM 5, (b) and (¢) Na MOR, (d) and (¢),Na A, () Na X and (g) and (k)
Na'Y P(H,) = 03 kPa for (a), (b), (e), (f) and (g) or 13 kPa for (c) and
(d) Spectrum (k) was taken after outgassing (77 K, | min) the Na Y
zeolite sample with preadsorbed hydrogen
Reprinted with permission from ref 17
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Scheme 5

The T(OH), species thus formed can migrate and ultimately
form, after clustering and dehydration, very small particles of a
T,0; phase Owing to steric constraints imposed by the zeolite
framework, the dimensions of these clusters can be so small as to
have a large proportion of coordinatively unsaturated T 10ns, which
behave as strong Lewis acid centres

The high-frequency bands observed 1n Fig 4(c.d) correspond to
CO and to N, coordinated to AI** 10ns 1n extraframework species
For CO a single band 1s observed, centred at 2225 cm !, while di-
nitrogen shows a more complex spectrum maximum at 2348 cm !
and shoulder around 2357 cm ! The 2348 cm ! band should core
spond to Al** -+ N, adducts 1n extraframework Al,O,, while the
2357 cm ! shoulder 1s tentatively assigned to the N—N stretching
of N, mteracting with highly exposed T* 1ons (partially extraframe
work) in Scheme 5 These species presumably exist only n a small
concentration (because of ensuing hydrolysis), and carbon mon
oxide fails to detect them The enhanced specific absorbance of N,
when subjected to high electric fields would explain its higher
sensitivity (as compared to CO) for detecting strong Lewis acid
centres

Fig 9(a) shows the relevant section of the IR spectra of CO
adsorbed at 77 K on a sample of H-[Ga]ZSM-5 (S1/Ga = 25) pre-
viously activated at 823 K, so as to cause partial degalliation of the
framework *2¢ H-[Ga]ZSM-5 1s analogous to H-ZSM-5, with
gallium substituting for aluminium For comparison, the spectra of
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Figure 9 (a) IR spectra of CO adsorbed at increasing equilibrium pressure (from 10-2 to 20 Torr) on extraframework ‘Ga,O;’ species formed by partial
degalliation of H-|GaJZSM 5, previously activated at 823 K 1 vacuo Spectra taken at liquid nitrogen temperature (b) CO adsorbed on finely divided

gallium oxide, other details as 1n part (a)

CO adsorbed on finely divided Ga,O, activated at the same tem-
perature are also shown [Fig 9(b)] The main IR absorption band
for Ga,O, appears at 2190 cm !, with a mimor shoulder at 2220
cm~! The 2190 cm~! band corresponds to the C—O stretching of
Ga’* -+ CO adducts formed on extended surfaces of the metal
oxide, while the 2220 cm~—! shoulder (which saturates at low CO
equilibrium pressure) 1s assigned to similar adducts with more
exposed Ga** 1ons, e g 1n corners of Ga,O, crystallites This
assignment was made by comparison with IR spectra of CO
adsorbed on +y-alumina 3?# It 1s noticeable that for the zeolite
sample [Fig 9(a)] the 2220 cm~! band completely dominates the
spectrum (the shight shift towards lower wavenumbers on increas-
ing the CO doses 1s due to adsorbate—adsorbate interactions) thus
proving the highly dispersed nature, and consequently high Lewis
acidity, of the extraframework species, which do not seem to have
undergone appreciable sintering The same conclusion (regarding
extraframework aluminium species) was reported by Gruver and
Fripiat,23¢ who studied Lewis acid sites 1n partially dealuminated
mordenites As pointed out by these authors, the high dispersion
degree of extraframework species should favour interaction with
framework Brgnsted acid sites, and consequent synergy 1n catalytic
processes

6 Summary and Outlook

The use of diatomic molecular probes for rendering zeolites and
zeotypes IR-readable has been outlined Information attainable
using this technique concerns Brgnsted and Lewis acidity, struc-
tural defects, internal electric fields and the siting of extraframe-
work cations Specific examples were discussed which involve the
most commonly used diatomic molecules CO, N, and H, Work
with molecular oxygen was also recently reported ** By choosing
appropriate molecular probes, dual acid-base pairs can also be
monitored, as shown for a series of Na-exchanged zeolites
Detailed charactenization of these dual sites should facilitate a

better understanding of many (catalytic) chemical processes medi-
ated by zeolites

Mid-IR spectroscopy of adsorbed molecules i1s a very active
research field which contributes extensively to deepening our
knowledge of the local structure of zeolite active sites, and of the
physico-chemical properties of the intra-zeolite space This has
strong bearing not only on heterogeneous catalysis and pollution
control, but also on the potential use of zeolites as host materials for
a variety of advanced composites which could find application in a
number of technological fields, such as selective membranes, mod-
ified electrodes, chemical sensors or low-dimensional electrical
conductors, to name only a few examples

Advances 1n zeolite characterization using IR molecular probes
require detailed experimental research and precise knowledge about
the spectroscopic response triggered by interaction of the probe
molecule with the zeolite surface, this implies a close interplay
between experimental work and theoretical studies The full power
of quantum-chemical calculations and computer modelling tech-
niques'? 33 345 currently being applied (with very fruitful results) in
conjunction with spectroscopic and structural research, and further
developments are expected However, 1t should be acknowledged
that elucidating all aspects of the structure and physico-chemical
behaviour of zeolites 1s not an easy task, and concurrent use of
several techniques 1s often required IR spectroscopy 1s but one of
them, paramount among the others are X-ray and neutron diffrac-
tion,!®3% < high resolution electron microscopy,3>?¢ and MAS
NMR spectroscopy **—* Major contributions are also expected
from techniques based on synchrotron radiation (XANES, EXAFS,
PEXA, and time-resolved X-ray diffraction), particularly since they
allow i situ studies of zeolite catalysts to be carried out under oper
ating conditions 3¢ Altogether, the considerable efforts which are
bemng made for an improved characterizaton of zeolites should
result 1n a better understanding of their behaviour, and this should
boost the many potential technological applications of these versa-
tile materials
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